With their extraordinary diversity in sexual systems, flowering plants offer unparalleled opportunities to understand sex determination and to reveal generalities in the evolution of sex chromosomes. Comparative genetic mapping of related taxa with good phylogenetic resolution can delineate the extent of sex chromosome diversity within plant groups, and lead the way to understanding the evolutionary drivers of such diversity. The North American octoploid wild strawberries provide such an opportunity. We performed linkage mapping using targeted sequence capture for the subdioecious western Fragaria virginiana ssp. platypetala and compared the location of its sexdetermining region (SDR) to those of 2 other (sub)dioecious species, the eastern subspecies, F. virginiana ssp. virginiana (whose SDR is at 0-5.5 Mb on chromosome VI of the B2 subgenome), and the sister species F. chiloensis (whose SDR is at 37 Mb on chromosome VI of the Av subgenome). Male sterility was dominant in F. virginiana ssp. platypetala and mapped to a chromosome also in homeologous group VI. Likewise, one major quantitative trait locus (QTL) for female fertility overlapped the male sterility region. However, the SDR mapped to yet another subgenome (B1), and to a different location (13 Mb), but similar to the location inferred in one population of the naturally occurring hybrid between F. chiloensis and F. virginiana (F. ×ananassa ssp. cuneifolia). Phylogenetic analysis of chromosomes across the octoploid taxa showed consistent subgenomic composition reflecting shared evolutionary history but also reinforced within-species variation in the SDR-carrying chromosome, suggesting either repeated evolution, or recent turnovers in SDR.
2017). This gives opportunities to study the evolution of sex determination and sex chromosomes.
One leading theory for the evolution of sex chromosomes from autosomes posits that at least 2 mutations must occur, one for male sterility and one for female sterility, in hermaphroditic species (reviewed in Westergaard 1958; Charlesworth 2015) . Selection for linkage and recombination suppression between these loci leads to fixed male (Y or Z) or female (X or W) gametologs with the dominance relations of the original sterility loci dictating the type of heterogamety (Charlesworth and Charlesworth 1978 ; reviewed in Bachtrog et al. 2014 ). Recent detailed genetic mapping studies conducted on taxonomically diverse species have provided empirical support for these ideas and begun to reveal commonalities in the initial steps, including linked, but genetically separable sterility loci, recombination suppression and its genomic consequences Charlesworth 2015; Tennessen et al. 2016; Harkess and Leebens-Mack 2017) , as well as a predominance of XY over ZW systems in plants (Ming et al. 2011; Renner 2014) .
However, comparative studies of sex-determining chromosomes have also begun to detect lability of sex determination, even among very closely related taxa (reviewed in Charlesworth 2015) . For instance, the sex-determining chromosome in Salix viminalis is not homologous to that in the related Populus species, and the sex-determining region (SDR) of P. trichocharpa localizes to the subtelomeric region of chromosome 19, but to the pericentromeric region of that chromosome in the sister species P. tremuloides (reviewed in Kersten et al. 2017) . Likewise, Silene colpophylla and S. otitis have different sex chromosomes and different heterogamety, XY and ZW, respectively (Slancarova et al. 2013) . However, it is generally unknown whether these differences in sex chromosomes reflect de novo origins from different autosomes, or whether they share an ancestral SDR that has been translocated from one to another chromosome, or whether an apparently new location results from the fusion of a sex chromosome to an autosome (van Doorn and Kirkpatrick 2007; Bachtrog et al. 2014) . Moreover, sex chromosome turnovers have been observed in disparate animal groups, including African clawed frogs, spiny rats (genus Tokudaia) and salmonid Brook Charr (Furman and Evans 2016; Graves 2016; Sutherland et al. 2017) , and even among populations within species, such as sticklebacks and cichlid fishes (Kitano et al. 2009; Bohne et al. 2016 ). Yet in plants, detailed comparisons of sex chromosomes of congeners are confined to the species of Populus and Silene (Slancarova et al. 2013; Kersten et al. 2017) or still need to be conducted in intriguing groups such as Coccinia (Sousa et al. 2017 ), but none from subspecies or different populations within species. Such studies, with good phylogenetic and genetic mapping resolution, are essential for understanding the extent of sex chromosome diversity and for identifying turnover events (possibly caused by sexual selection, escape from deleterious genetic load, or sex ratio selection, reviewed in van Doorn 2014; Kirkpatrick 2017) .
In wild strawberry (genus Fragaria, Rosaceae) several species are hermaphrodite, but separate sexes have evolved at least 5 times (Njuguna et al. 2013) . Among the North American wild strawberries, the diploid species F. vesca ssp. bracteata is gynodioecious (individuals are females or self-compatible hermaphrodites), whereas the octoploids, including F. chiloensis, are dioecious (males and females), or subdioecious (with females, males and self-compatible hermaphrodites) as in F. virginiana ssp. virginiana, F. virginiana ssp. platypetala, and F. ×ananassa ssp. cuneifolia, the naturally occurring hybrid between F. chiloensis and F. virginiana (Staudt 1999) . The octoploid strawberries (2n = 8x = 56) have disomic inheritance, and are estimated to have arisen c. 1 Mya (Njuguna et al. 2013) from 4 diploid genome contributors, represented by 4 subgenomes (AvAvB1B1B2B2BiBi; Tennessen et al. 2014) . Previous genetic mapping studies in 3 of the octoploid taxa showed that male sterility is dominant to male fertility and linked to a recessive female sterility locus forming a major SDR. The SDRs of each of these species map to chromosomes in one homeologous group (defined as the set of homologous chromosomes resulting from allopolyploidy), homeologous group VI, but to different chromosomal positions and chromosomes from different subgenomes (Figure 1) . Specifically, the SDR is located between 0-5.5 Mb on the VI-B2 (formerly "VI-C") chromosome in the eastern F. virginiana ssp. virginiana (based on the physical positions in the reference F. vesca genome assembly v2.0 of 2 adjacent microsatellite markers, ARSFL007 and EMFnPGLM1A; Spigler et al. 2010; Tennessen et al. 2014) , whereas the SDR is located at the distal end of chromosome VI-Av downstream of position 37 Mb (formerly "VI-A") in F. chiloensis (Goldberg et al. 2010; Tennessen et al. 2016) . However, in the natural hybrid F. ×ananassa ssp. cuneifolia, which is polymorphic for F. chiloensis and F. virginiana ssp. platypetala chloroplast genotypes (i.e., cytotypes), the location depends on the cytotype of maternal parent of the cross . Specifically, in one F. ×ananassa ssp. cuneifolia cross where maternal parent had a F. chiloensis cytotype, the mapped location of the SDR is Fvb6_38.855 Mb, close to F. chiloensis SDR location on chromosome VI-Av (based on the nearest microsatellite marker to the SDR [PSContig6115], . In contrast, when the maternal parent of F. ×ananassa ssp. cuneifolia had a F. virginiana cytotype, the SDR was mapped to a novel subgenome, chromosome VI-B1 (formerly "VI-B"; Govindarajulu et al. 2013; Tennessen et al. 2014) , different from that in F. virginiana ssp. virginiana, and in the central region of the chromosome (Fvb6_12.514 Mb, based on the physical distances in the reference F. vesca genome assembly of the closest microsatellite marker linked to the SDR [EMFv104], Govindarajulu et al. 2013) rather than the previously observed locations at either end. This opens up the possibility that the western subspecies of F. virginiana (F. virginiana ssp. platypetala) may have a different SDR location relative to its eastern counterpart. Such a finding would provide the first evidence of variation in sex chromosomes within a plant species.
Here we used high-resolution genetic mapping based on targeted sequence capture and sex phenotyping (Tennessen et al. 2013) in an F 1 cross to map the SDR in a western population of subdioecious F. virginiana ssp. platypetala. We sought to determine whether its sexdetermining chromosome is the same as that in the eastern subspecies F. virginiana ssp. virginiana or the hybrid F. ×ananassa ssp. cuneifolia with F. virginiana cytotype, or a novel location. Furthermore, we conducted phylogenetic analyses of linkage-mapped chromosomes (POLiMAPS; Tennessen et al. 2014) to determine the subgenome ancestry of the sex-determining chromosomes in these closely related octoploid taxa (i.e., F. virginiana and F. chiloensis sequences are 99.9% identical across the cpDNA genome; Njuguna et al. 2013 ).
Materials and Methods

Study System
Wild strawberries are herbaceous perennials that can reproduce vegetatively by stolons or sexually by seeds (Staudt 1999) . Fragaria virginiana has been subdivided into 4 subspecies, broadly distributed across North America, 2 of which are depicted in Figure 1 . Fragaria virginiana ssp. platypetala is the westernmost subspecies and occurs from southern British Columbia to southern California, extending east to western Colorado (Staudt 1999; Salamone et al. 2013 ).
Experimental Cross and Sex Phenotyping
We used an F 1 cross for mapping because sex-determining genes segregate in each generation, and our targeted sequence capture approach provides sufficient sequence variation for mapping. Our F 1 experimental cross between F. virginiana ssp. platypetala (Fvp) plants was derived from 2 outbred plants collected from Kamiak Butte County Park (KB, 46.851° N, 117 .153° W), WA. We hand pollinated the maternal plant (KB3; 100% female fertility) with pollen from the hermaphroditic paternal plant (KB11; 42% female fertility). Seeds (N = 144) were planted in a custom germination soil mix (SunShine Germination Mix:Fafard 4:sand; Sun Gro Horticulture, Agawam, MA) and grown under 15 °C /20 °C night/day temperatures and 14-h days in a growth chamber for 2 months. All seedlings (N = 105) were transplanted to a 2:1 soil mix of Fafard 4:sand in 200-mL pots, and raised under 12 °C /22 °C temperatures and 12-h days in the greenhouse at the University of Pittsburgh. Plants received fertilization (Nutricote 13-13-13 N:P:K; Sun Gro Horticulture, Agawam, MA), irrigation and pest control during the course of the experiment.
Male and female function were examined as previously described (Spigler et al. 2008; Goldberg et al. 2010) . Male function was scored for all flowers of each plant on 2 separate occasions as a binary trait, the ability to produce mature pollen-"male fertile" for plants with plump, bright yellow anthers that dehisced with visible pollen, and "male sterile" for plants with vestigial, pale yellow or white anthers that never released pollen. Female function was quantified as the proportion of hand-pollinated flowers that produced fruit when pollinated 3 times weekly during the flowering period. The female function measure is a continuous trait, and raw values were analyzed, as it was not correlated with plant size (Pearson's r = −0.07, P = 0.48). The association between female and male functions was assessed using the non-parametric Kruskal-Wallis test in R v3.3.0 (R Core Team 2016).
Targeted Sequence Capture
To build the linkage map and locate the SDR, we selected 23 malesterile and 23 male-fertile F 1 progeny at random, along with the 2 parents, for targeted sequence capture. DNA was isolated from silica-dried leaf tissues at Ag-Biotech (Monterey, CA), and then purified using ethanol precipitation (Sambrook and Russell 2001) . Approximately 300 ng dsDNA from each sample, sheared to 300 bp on average using a Bioruptor Pico (Diagenode, Denville, NJ), was taken for genomic library preparation using NEBNext Ultra DNA Library Prep Kit (New England BioLabs, Ipswich, MA). Specifically, we first performed end repair and universal adaptor ligation to sheared DNA. We then size selected DNA fragments of c. 350 bp using AMPure XP Beads (Beckman Coulter, Brea, CA). Individual samples were barcoded with dual indexes (NEBNext Multiplex Oligos for Illumina) during 6 cycles of PCR enrichment. After purification with AMPure XP Beads, individually indexed genomic libraries were used for targeted sequence capture with Fragaria baits.
We designed 20 000 capture baits of 100 bp each to target each homeologous chromosome of the focal octoploid. This new set of Fragaria baits v2.0 (Supplementary Table S1 ; see also Data Availability) included those designed previously (baits v1.0; Tennessen et al. 2013 ) that were also polymorphic in octoploid F. virginiana ssp. virginiana and F. chiloensis (7611 baits; Tennessen et al. 2014) , and newly developed baits from several genomic data sets. Specifically, we designed 1) 8955 additional baits located Liston et al. 2014 ). In F. virginiana ssp. virginiana, which is distributed broadly in North America (dark squares), the SDR is located near the start (within 0-5.5 Mb) of the B2 chromosome (star). In the western subspecies F. virginiana ssp. platypetala (light squares), the SDR is located at 13 Mb of the B1 chromosome (*results of this study). In F. chiloensis, which is mostly distributed along the Pacific coast (triangles), the SDR is located at 37 Mb of the Av chromosome. In the naturally occurring but geographically restricted hybrid F. ×ananassa ssp. cuneifolia (circles), the SDR location depends on the maternal donor: when it is F. virginiana ssp. platypetala the location is 13 Mb on the B1 chromosome; but when it is F. chiloensis the location is 37 Mb on the Av chromosome. Locations are physical positions based on the position of closest SNP markers in reference F. vesca genome (assembly v2.0). The geographic locations of the parental plants used in the mapping populations are denoted by dots. The overall distributions of Liston et al. (2014) are based on data sources including the GBIF data portal, the "Wild Strawberry" Dimensions of Biodiversity US-China project website, and published distribution maps. See online version for full colors.
roughly every 25 kb on the reference F. vesca genome assembly v2.0 (Fvb; Tennessen et al. 2014) with no baits anchored in our previous set, 2) 1604 baits from unassembled F. vesca scaffolds <10 kb (too short to be incorporated into previous genome assembly v1.0; Shulaev et al. 2011) , 3) 1789 more baits based on sequences from the Bi subgenome donor F. iinumae (Hirakawa et al. 2014 ; https:// www.rosaceae.org/species/fragaria/fragaria_vesca/genome_v1.0, last accessed May 2016) showing no homology to the F. vesca genome, and 4) 41 baits anchoring the region neighboring male function in F. virginiana ssp. virginiana (Spigler et al. 2011) where sequences were available from bacterial artificial chromosomes (BACs; Tennessen JA et al., unpublished data) . We synthesized these biotinylated baits using MYbaits (MYcroarray, Ann Arbor, MI).
For bait capture, we combined 24 genomic libraries at equal molarity for a total of 500 ng in one reaction. We performed 2 reactions for the F 1 progeny, following the MYbaits user manual v3.0 (http://www.mycroarray.com/pdf/MYbaits-manual-v3.pdf, last accessed November 2015). Pooled libraries in each reaction were incubated with baits at 65 °C for 24 h. Bait-captured sequences were recovered using Dynabeads MyOne Streptavidin C1 magnetic beads (Thermo Fisher Scientific, Waltham, MA), and enriched with 15 cycles of PCR. After purification with AMPure XP Beads, the 2 reactions were combined at equal molarity for paired-end 150 bp sequencing on the Illumina HiSeq 3000 at the Oregon State University Center for Genome Research and Biocomputing.
Linkage Map Construction
Polyploid linkage mapping based on targeted sequence capture involved 4 major steps: quality control of capture reads, mapping reads to the genomic data sets from which the baits were designed, genotype calling in polyploids using POLiMAPS (Tennessen et al. 2014) , and linkage mapping using OneMap (Margarido et al. 2007 ). First, we removed bases showing low quality or adaptor contamination from the paired-end reads, using Trimmomatic v0. 35 (LEADING:20, TRAILING:20, SLIDINGWINDOW:5:20, MINLEN:50; Bolger et al. 2014) , and merged filtered paired-end reads using PEAR v0.9.6 (overlap size of ≥20 bp; Zhang et al. 2014) . Second, we mapped the PEAR merged reads and unmerged pairedend reads to the reference F. vesca genome assembly v2.0, and the unmapped reads were mapped again to the remaining genomic data sets (unassembled F. vesca scaffolds, F. iinumae contigs and octoploid BACs) using BWA v0.7.12 . Third, with the resultant SAM files, we generated mpileup files using SAMtools v1.3 ) for polyploid genotype calling with POLiMAPS (Tennessen et al. 2014) . We included genotypes in our linkage mapping analysis only if they met the following criteria: 1) genotype segregation complying with Mendelian inheritance (or alternatively we observed at least 8 heterozygotes and 8 homozygote progeny at a SNP position); 2) loci possessing ≤2% missing data (i.e., missing in at most one individual); 3) depth of coverage ≥32× per progeny. We used the R package OneMap (Margarido et al. 2007 ) to construct maternal and paternal linkage maps. Within each linkage group (LG), SNP markers were assigned to the most likely positions based on their logarithm of the odds (LOD) scores with a touchdown threshold from 5 to 4. Genetic distances were estimated with the Kosambi mapping function.
We refined the linkage map by focusing on LGs with at least 5 SNP markers (see Results section). A few LGs with large internal gaps (≥35 centimorgan [cM]) were treated as sets of separate small LGs, and redundant LGs were rejoined according to their phylogenetic placement (see Phylogenetic Inference of SDR-carrying chromosomes). Homologous maternal and paternal LGs (m: maternal; p: paternal) were identified by SNPs segregating in both parents, as well as by LG phylogenetic placement.
Male and Female Function Mapping
We identified quantitative trait loci (QTLs) for female function using interval mapping and Haley-Knott regression in the R package qtl (Broman et al. 2003) . We used a nonparametric single-QTL model in qtl (scanone, model = "np"), due to the departure of the values from normality (Figure 2, Supplementary Figure S1 ). Statistical support for putative QTLs was evaluated by comparing the LOD scores to the genome-wide adjusted LOD threshold based on 1000 permutations. Since only a single QTL was identified for female function, we did not pursue a multiple-QTL model.
To locate the male function region, we used both linkage mapping and QTL analysis. The linkage mapping treated the binary male function trait as a Mendelian marker, and assigned it along with the SNP markers to the maternal and paternal linkage maps. LOD scores were used to quantify the linkage of male function with a given SNP marker. The QTL analysis identified the male function region using a binary single-QTL model in qtl (scanone, model = "binary"), similar to mapping female function. The LOD score in this analysis indicates the log10 likelihood ratio of a QTL model relative to the null no-QTL hypothesis.
Phylogenetic Inference of SDR-Carrying Chromosomes
We inferred the subgenome origins of all the linkage groups, with a particular emphasis on the ones housing the SDR using POLiMAPS (Tennessen et al. 2014 ) and RAxML v8.0.26 (Stamatakis 2014) . With POLiMAPS, we retrieved the quality-filtered reads that were LG-specific, referred to as LG sequences. Consensus LG sequences of F. virginiana ssp. platypetala were derived from the BAM mapping files (see Linkage Map Construction) to the reference F. vesca genome assembly v2.0. To place the LGs of F. virginiana ssp. platypetala into the existing octoploid Fragaria phylogeny (Tennessen et al. 2014) , we included the published consensus LG sequences of F. virginiana ssp. virginiana (Fvirg) and F. chiloensis (Fchil) (Tennessen et al. 2014) , and diploid genomic sequences from F. vesca ssp. bracteata (LNF23, MRD30, MRD60; Tennessen et al. 2013; Tennessen et al. 2014) , F. iinumae (Tennessen et al. 2014) , as well as the reference genome F. vesca ssp. vesca (Shulaev et al. 2011 ) and 2 closely related diploid F. mandshurica and F. viridis (Tennessen et al. 2014 ). We conducted maximum-likelihood (ML) phylogenetic analyses with the GTR + Γ model for individual haploid chromosomes, with particular attention to the SDR-carrying chromosomes. These ML trees were rooted with Rubus coreanus following Tennessen et al. (2014) . Node support was evaluated using 100 bootstrap replicates.
Results
Male and Female Function Phenotyping
In the F 1 cross of F. virginiana ssp. platypetala, 59 of the 105 progeny were male sterile and 46 were male fertile (Figure 2 ), conforming to 1:1 segregation (χ 2 = 1.371, P = 0.24). Female function was negatively associated with male function. The mean estimated female fertility value (see Methods) was 85% in male-sterile plants, significantly higher than that in male-fertile plants (37%; Kruskal-Wallis χ 2 = 53.78, df = 1, P < 0.001). Similar distributions of male and female function were observed in the subset of 46 F 1 progeny genotyped (Supplementary Figure S1) , in which the female fertility of the 23 male-steriles (86%) was twice that of the 23 male-fertile progeny (40%; Kruskal-Wallis χ 2 = 21.67, df = 1, P < 0.001).
Targeted Sequence Capture
For the 46 F 1 progeny and 2 parents genotyped, we obtained a per-individual average of 2.63 million paired-end reads (range 1.64-5.00 million). Our Fragaria baits v2.0 generated on-target capture of 1679 kb, representing 84% of the targeted regions, at a median depth of 33× per individual ( Supplementary Figures S2 and S3 ). Off-target capture reached 12 595 kb but at a much lower sequencing depth (median = 4×). We retained 2223 kb of ≥32× coverage per individual for linkage mapping.
Octoploid Linkage Map
A total of 8234 SNP markers that passed our genotyping quality criteria were used to generate the initial maternal and paternal linkage maps, including 3643 maternal markers, 3155 paternal markers and 1436 biparental markers. Using a LOD threshold of 5 resulted in 33 maternal and paternal LGs, most of which (31 maternal and 32 paternal LGs) possessed ≥5 SNP markers. Using these 31 maternal and 32 paternal LGs, and after subdividing 8
LGs with large gaps and rejoining redundant LGs, resulted in the expected 28
LGs for both the maternal and paternal maps (Figure 3 ; Supplementary Table S2 ). The resulting refined maternal linkage map included 3620 markers, on average 129 markers per LG (median = 122, range 71-236), with a cumulative length of 4067.6 cM (Supplementary Table S2 , see also Data Availability). Individual LGs varied between 74.1 and 260.5 cM, with similar mean inter-marker intervals (mean = 1.17 cM, range 0.74-1.95 cM), though the largest marker interval ranged from 6.6 to 95.7 cM (mean = 19.6 cM). The paternal linkage map included a total of 3141 markers, and although not significantly less than the maternal map (Wilcoxon rank-sum test, W = 478, P = 0.081), the lower number of markers may reflect the reduced heterozygosity of a self-compatible hermaphrodite (father of the cross) compared to strictly outcrossed female (mother of the cross). The paternal map total genetic length (Figure 3 ; Supplementary Table S2) was shorter (3399.5 cM) and individual LGs were more variable in length (range 6.5-247.4 cM) than in the maternal map, perhaps because fewer markers were found per LG (34 to 257 markers per LG, median = 103, mean = 112, Supplementary Table S2 ). The largest marker interval per LG (2.18-47.6 cM) was smaller than that for the maternal LGs, probably for the same reason. Maternal and paternal LGs were assigned to their homeologous groups (I-VII) and corresponding subgenomes of origin (Av, Bi, B1 or B2; Figure 3) , based on phylogenetic analysis (see below) with the 2 previously mapped octoploids F. virginiana ssp. virginiana and F. chiloensis (Tennessen et al. 2014) (Supplementary Figure S4) .
Male and Female Function Mapping
In the maternal linkage map, both linkage mapping and QTL analysis detected a single male function region at position 13.110 Mb on a homeologous group VI chromosome (referred to as Fvb6_13.110 Mb; Figure 4 ). Male function co-segregated perfectly in the linkage map with a single SNP at this position in scaffold scf0513073, Figure 2 . Distributions of male and female function in 105 F 1 progeny of Fragaria virginiana ssp. platypetala. Male function is defined as the ability (male fertile, solid bars) or inability (male sterile, hashed bars) to produce mature pollen. Among the F 1 progeny, 46 were male fertile and 59 were male sterile. Female function is defined as the proportion of hand-pollinated flowers that produced fruit, as indicated by the x axis. As a continuous sex trait, female function is bimodally distributed. See online version for full colors. Figure  S4) . The genetic and physical positions of these SNP markers are provided in Supplementary Table S2 . See online version for full colors.
with the highest LOD score of 13.85 of any marker mapped in all maternal and paternal LGs. Two adjacent SNP markers were also found with high LOD scores: Fvb6_12.935 Mb (LOD = 11.76), mapped to 2.18 cM (175.6 kb) away from Fvb6_13.110 Mb; and Fvb6_13.230 Mb (LOD = 9.99) had estimated distances of 4.36 cM and 119.9 kb. Similarly, QTL analysis detected a single QTL (LOD = 13.8; Figure 4 , top panel), with a peak at Fvb6_13.110 Mb, with the same adjacent markers, whose LOD scores were 6.92 and 10.3, respectively. Therefore, male function likely occurs within a 295.6-kb region around Fvb6_13.110 Mb. However, the scaffold carrying the region that includes Fvb6_13.110 Mb was placed in a different region in the genetic map of F. virginiana ssp. platypetala, between Fvb6_18.196 Mb and Fvb6_20.081 Mb (Supplementary Table S2 ), suggesting potential assembly errors causing scaffold scf0513073 to be misplaced in the F. vesca reference genome. The highest LOD (4.63) for female function QTLs was detected at the same position as the male function region (Figure 4, bottom panel) . After genome-wide adjustment of the LOD threshold (3.23), Fvb6_13.110 Mb remained as the only significant QTL for female function. Due to the weaker association between genotypes and the continuous female function relative to binary male function, the 1.5-QTL intervals included a wider female function than male function region, of 2.921 Mb.
Phylogeny of SDR-Carrying Chromosomes
The nucleotide supermatrix contained on average 146 819 characters with 2337 parsimony-informative sites (PIS) for chromosome I-VII, ranging from 101 915 (PIS = 1400; chromosome I) to 231 454 characters (PIS = 4499; chromosome VI). In F. virginiana ssp. platypetala, the chromosome carrying the male and female function QTLs was assigned to the B1 subgenome (Fvp-VI-B1-m; Figure 5 ), as its sequences are closest to the F. virginiana ssp. virginiana B1 chromosomes (Fvirg-VI-B1-m and Fvirg-VI-B1-p; bootstrap support, BS = 56%). In contrast, the SDR-carrying chromosome in F. virginiana ssp. virginiana was assigned to the B2 subgenome in our previous study (Fvirg-VI-B2-m; Tennessen et al. 2014) ; this is sister to the Bi subgenome (BS = 96%). The chromosome carrying the SDR in F. chiloensis was assigned to the more distantly related Av subgenome (Fchil-VI-Av-m; Tennessen et al. 2016) , sister to the Bi, B1 and B2 subgenomes ( Figure 5 ).
The ML topologies of the other homeologous groups (Supplementary Figure S4) also showed a consistent sister relationship of Av to the B subgenomes (Bi, B1 and B2) . Among the B subgenomes, Bi, B1 and B2 formed distinct clades in 4 homeologous groups (II and IV-VI), with nodes receiving 63-100% support (Supplementary Figure S4 ; Figure 5 ), whereas relationships among the B subgenomes of the other 3 homeologous groups (I, III and VII) were not fully resolved in F. virginiana ssp. platypetala (Supplementary Figure S4) . The weak support for some clades is probably due to the low sequence divergence among the B subgenomes (Tennessen et al. 2014) , but translocations between homeologous chromosomes are also possible, and may contribute to the low sequence divergence. 
Discussion
The high-density genetic linkage map of F. virginiana ssp. platypetala, combined with the phylogenetic analyses of linkage-mapped homeologous chromosomes from 3 octoploid taxa, revealed consistent evolutionary origins of subgenomes. Nevertheless, surprisingly the chromosome carrying the SDR differs from that in the eastern subspecies. This could reflect either repeated independent evolution of SDRs or a history of turnover events translocating SDRs to new locations.
Subgenome Pattern of Sex Chromosome Variation
We conclude that the SDR in F. virginiana ssp. platypetala is at the same location as that in F. ×ananassa ssp. cuneifolia with F. virginiana cytotype (i.e., F. virginiana as maternal cytoplasmic donor to the hybrid) at around Fvb6_13 Mb on the B1 subgenome. The SDR locations in both F. chiloensis, and F. ×ananassa ssp. cuneifolia with F. chiloensis cytotype are different, as they belong to the Av subgenome (Figure 1 ). These findings are consistent with the geographic proximity of the mapped hybrid populations to the range of both F. virginiana ssp. platypetala and F. chiloensis (Figure 1) . Despite the differences in subgenome ancestry, SDRs across the octoploid taxa studied here show the same dominance of the genes affecting gender, and close linkage of those affecting male and female function. Dominant male sterility colocalizing with a major QTL for fruit set in F. virginiana ssp. platypetala, defining a ZW sex-determination system, is consistent with crosses of the 3 previously examined octoploid taxa (Goldberg et al. 2010; Spigler et al. 2010; Govindarajulu et al. 2013) . Although additional minor fruit set QTLs were detected in one of the hybrid crosses of F. ×ananassa ssp. cuneifolia, they may reflect novel contributors to fruit set variation revealed by hybridization ).
Potential Causes of Sex Chromosome Diversity
The diversity in sex linkage revealed here within a species, as well as within the octoploid group as a whole (Figure 1) , is unexpected. We next consider possible scenarios for such differences and ask whether polyploidy may contribute to them. The diversity could be the result of de novo evolution of sex determiners in each of the 3 octoploid lineages, involving independent mutations in autosomal homeologs of chromosome VI, each in a different subgenome. If so, chromosome VI may be particularly prone to evolving sexdetermining genes as it houses QTLs for many reproductive traits (Spigler et al. 2011) . It is also possible that new suppressors of male function evolved (i.e., dominant male sterility), taking over control from pre-existing ones (Oliver 1993) , although repeated evolution of dominant male sterility factors seems unlikely as they are probably less common than recessive loss-of-function mutations (Cui et al. 2012) . Alternatively, an ancestral SDR could have been translocated to different chromosomes within homeologous group VI (Goldberg et al. 2010 ). Translocations of a sex-determining cassette (or known sex-determining genes) have been confirmed in several animal taxa via genetic mapping and sequence analysis, such as salmonid fish (Faber-Hammond et al. 2015) and houseflies (Sharma et al. 2017) . No case is yet known in plants, even in the 2 taxa whose sex-linked regions are known to vary (Populus and Silene).
Dioecy is associated with polyploidy in angiosperms, including Fragaria (Glick et al. 2016 ), so it is also possible that sex chromosome diversity is facilitated by whole genome duplication and hybridization in octoploid strawberries. Polyploid genomes provide more mutations per generation, and gene duplication could lead to neo-functionalization in sex-determining developmental pathways. Genomic restructuring that is common in polyploids, including recombination between homeologous chromosomes in allopolyploids, can lead to genetic exchanges between subgenomes (Gaeta and Pires 2010) . Such processes may generate mutations at a higher rate than diploids, which might facilitate the origin of sterility mutations and also contribute to translocation of SDRs (Goldberg et al. 2010; Moore et al. 2016) . Hybridization can also generate novel sterility mutations and/or activate transposable elements Glick et al. 2016 ) that move existing sterility loci. In Fragaria all of these scenarios are possible, as at least 2 whole genome duplications and 2 hybridization events occurred during the formation of the octoploids (Tennessen et al. 2014) .
Fine-scale phylogeographic characterization of the relationships among the octoploid taxa and SDR diversity across their ranges, along with the assembly and phylogenetic inference of the SDR sequences, could allow us to distinguish between the different alternatives. Ultimately, identifying the causal genes for male and female function, and the sequence divergence in the neighboring pseudo-autosomal region, will be key to determining the evolutionary dynamics of the SDRs in octoploid Fragaria.
Supplementary Material
Supplementary data are available at Journal of Heredity online.
Funding
This work was supported by the University of Pittsburgh Dietrich School of Arts and Sciences, US National Science Foundation DEB 1241006 and DEB 1020523 to T.L.A., and DEB 1241217 and DEB 1020271 to A.L.
